Dexamethasone (DEX) suppresses the secretion of and responsiveness to growth hormone (GH). Here we aimed to assess the therapeutic effects of GH on the DEX-induced osteopenia. Female Wistar rats were treated for 2 weeks with DEX (200 μ g/day) or saline as a control. DEX significantly decreased body weight gain, bone mineral density (BMD), growth plate thickness, area ratio of trabecular bone, and serum osteocalcin levels. DEX also elongated the tibia primary spongiosa and caused many tiny lipid droplets in the tibia marrow. These results indicated that DEX induced osteopenia in rats. We then assessed the effects of GH on the recovery of osteopenia after withdrawal of DEX. DEX-treated rats were subsequently treated for 1 week with GH (0.1 or 0.3 U/day) or saline, while saline-pretreated rats were treated for 1 week with saline as a control. GH (0.1 or 0.3 U/day)-treated rats showed a catch-up growth in various bone measurements by one week after DEX withdrawal, though most of them remained subnormal. GH treatment did not enhance the recovery of DEX-induced osteopenia. Therefore a short-term exposure to DEX significantly impaired the bone metabolism, which started to recover soon after withdrawal of DEX. Unfortunately, immediate administration of GH after withdrawal of DEX did not enhance the recovery process.
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MATERIALS AND METHODS Animals
Thirty-six female Wistar rats, weighing from 140 to 160 g, were obtained from the Animal Center of National Taiwan University. All the animals were kept under controlled conditions which included a 22 ± 1°C environmental temperature and a 12:12 hours light-dark cycle. Animals were fed with Purina Laboratory Rodent Diet (PMI ® St. Louis, MO, USA], 0.95% calcium) and distilled water ad libitum. Body weight of all the animals was measured weekly during the experimental periods. The procedures of animal experiment in this study were permitted by Laboratory Animal Center in National Taiwan University College of Medicine.
Experimental design
Animals were randomly assigned into six groups (6 rats for each group). To investigate the detrimental effects of dexamethasone (DEX) on the bone metabolism, rats were intraperitoneally (i.p.) injected for 2 weeks with DEX (200 μ g/day) (Merck Sharp Dohme & Co., West Point, NJ, USA) in the morning or with saline as a control. These rats were sacrificed by decapitation 24 hours after last injection. The recombinant human GH has been demonstrated to have the effects on the rat skeletons (Andressen and Oxlund 2000; Feldman et al. 2004) , and thus we assessed the therapeutic effects of recombinant human GH (rhGH, Pharmacia and Upjohn, Peapack, Denmark) on the recovery from DEX-induced osteopenia. The DEX-treated rats were subsequently treated for 1 more week with GH (0.1 or 0.3 U/day) or saline (DEX-withdrawal rats), while saline-pretreated rats were treated for 1 week with saline as a control. GH was given by i.p. injection in the afternoon. Rats were sacrificed by decapitation 18 hours after last injection of GH or saline.
Bone turnover markers measurement
The animal blood was collected after decapiGlucocorticoids (GCs)-induced osteoporosis (GIO) has been shown to be associated with decreased secretion and function of sex steroids (hypogonadism) (Lukert and Raisz 1990; Reid 1997) , growth hormone, insulin-like growth factor-I (IGF-I) (McCarthy et al. 1990; Bozzola et al. 1991; Miell et al. 1991; Rydziel and Canalis 1995; Ward et al. 1998) , and serum osteocalcin (Prummel et al. 1991) , as well as a suppressed activity and shorter active life span of osteoblasts (Dempster et al. 1983 ). Additionally, GIO may be related to a secondary hyperparathyroidism due to decreased gastrointestinal calcium absorption and increased urinary calcium excretion (Adler and Rosen 1994; Canalis 1996; Reid 1997 ). Thus GIO is associated with a suppressed bone formation and an accelerated bone resorption. Since GIO usually takes several years or longer to recover after withdrawal of GCs (Pocock et al. 1987; Lufkin et al. 1988; Aaron et al. 1989; Lukert and Raisz 1990; Adler and Rosen 1994; Gennari 1994; Hermus et al. 1994; Canalis 1996; Reid 1997) , these patients may have a higher risk of osteoporosis-related fractures. Unfortunately, only few agents have been used to treat GIO with various therapeutic effects, such as bisphosphonates, hormone replacement therapy, and calcitonin (Montemurro et al. 1991; Lukert et al. 1992; Adachi 1997; Sambrook et al. 2003; Watts 2003) .
Growth hormone (GH) is important in the regulation of normal growth and development through enhancing the proliferation and function of chondrocytes (Nilsson et al. 1986; Rappaport et al. 1987; Trippel et al. 1989; Reinecke et al. 2000) and osteoblasts (Barnard et al. 1991; Kassem et al. 1993; Saggese et al. 1993) , as well as enhancing bone formation Eriksen et al. 1993; Slootweg 1993; Vandeweghe et al. 1993; Inzucchi and Robbins 1994) . Therefore, GH may be a potential candidate to ameliorate the detrimental effects in GIO, especially during the recovery period after withdrawal of GCs. In this study, we aimed to evaluate the possible therapeutic effects of GH on the recovery of GIO. tation for measurements of bone turnover markers, including serum levels of C-terminal telopeptide of type I collagen (ICTP) as a bone resorption marker and osteocalcin as a bone formation marker. Serum ICTP was measured using rat-ICTP RIA kit (Orion Diagnostica, Espoo, Finland; interand intra-assay correlative variation less than 10%). The serum levels of osteocalcin were measured with a rat osteocalcin RIA kit (Biomedical Technologies Inc., Stoughton, MA, USA; interand intra-assay correlative variation less than 8%).
Bone sample preparation
After the animals were sacrificed, both femurs and tibiae were dissected immediately. The length of femur was measured with a precision caliper (± 0.05 mm). The wet weights of femur were measured before storage under -20°C. The proximal tibial metaphysis was resected and then fixed in 70% ethanol, decalcified in 0.5 N HCl, dehydrated in ascending series of ethanol and acetone, and embedded in paraffin. Longitudinal thin sections (5 μ m) of proximal tibia were cut and stained with Mayer's hematoxylin-eosin solution as previously described (Yang et al. 1993 ).
Bone mineral density measurement
Bone mineral density (BMD) of tibia and lumbar spine was measured with Norland XR-26 dual-energy X-ray absorptiometer (DXA, Fort Atkinson, WI, USA). A coefficient of variation of 0.7% was calculated from daily measurement of BMD on a lumbar phantom for more than 1 year. BMD values were obtained through the original software of this densitometer.
Histomorphometric analysis
The histomorphometry study was performed with a semi-automated image-analyzing computer as previously described (Lab-Vision System Model LV-2 Image Analyzer, Pointek Computer Co., Ltd., Taipei, Taiwan) (Yang et al. 1993) . The primary spongiosa and the secondary spongiosa extending from 1.0-3.0 mm distal to the epiphyseal growth plate were analyzed. The measured parameters included the thickness of growth plate, thickness of cortical bone and the area ratio of total bone trabeculae in the secondary spongiosa. All data were presented as mean ± S.E.
Bone ash weight
After thawed at room temperature for 1 hour, the fat of femurs was extracted with ethyl ether for 4 to 5 days. Then, the femurs were dried at 110°C overnight, ashed at 800°C for 4 hours, and then weighted (Demiralp et al. 2002) .
Statistical analysis
Group data were analyzed by two-way analysis of variance (two-way ANOVA). P value (< 0.05) was considered to be significant. Bonferroni t-test was performed for multiple comparison.
RESULTS

Body weight gain
During the experimental period, all the animals did not show any diarrhea, vomiting, infection or local complications at the sites of injection. DEX treatment significantly suppressed the body weight gain, even after withdrawal and GH administration (p < 0.0001) (Table 1) . However, DEX-treated rats gained 66 gm after one-week withdrawal of DEX, whereas the rats treated with saline for 3 weeks gained 55 gm. Such a body weight gain after withdrawal of DEX showed a significant catch-up (p < 0.001). However, GH treatment (0.1 or 0.3 U/day) after withdrawal of DEX did not further enhance the body weight gain (Table 1) .
Bone mineral density
DEX treatment for 2 weeks significantly decreased the bone mineral density (BMD) of lumbar spine (LS) (0.109 ± 0.007 vs 0.125 ± 0.005, p < 0.005) and tibia (0.101 ± 0.007 vs 0.113 ± 0.005, p < 0.005) ( Table 1) . After one-week withdrawal of DEX, rats showed a catch-up in LS BMD as compared with control (3w) rats (0.126 ± 0.009 vs 0.130 ± 0.006, nonsignificant), whereas GH treatment (0.1 or 0.3 U/day) after withdrawal of DEX showed a lower LS BMD (Table 1) . The increment of tibial BMD in after one-week withdrawal of DEX was similar. Though GH (0.1 U/day) administration did not increase the tibia BMD, GH (0.3 U/day)-treatment ameliorated the tibia, but not lumbar spine, BMD (Table 1) .
Femur measurements
Treatment with DEX for 2 weeks decreased the femur length and wet weight as compared to those treated with saline (p < 0.0001) ( Table 2) . DEX-treated rats still had a shorter femur length (2.97 ± 0.05 cm vs 3.18 ± 0.12 cm, p < 0.05) after one-week withdrawal of DEX, whereas they showed a significant catch-up of length (0.12 cm) than the rats treated with saline (0.02 cm gain) (p < 0.001). GH treatment (0.1 or 0.3 U/day) after withdrawal of DEX did not further ameliorate the femur length (Table 2) . GH (0.1 U/day)-treated rats even showed a significantly shorter length than the rats treated with saline for 3 weeks. The wet weight and ash weight gain were not ameliorated by the GH administration, either.
Bone histomorphometry
The histological sections of tibiae of the control rats showed a normal growth plate (Fig. 1A) and well-developed bone trabeculae in both primary spongiosa and secondary spongiosa (Figs.  1A1 and 1A2 ). On the other hand, the administration of DEX for 2 weeks decreased the growth plate thickness (Fig. 1B1) , elongated primary spongiosa and decreased the area ratio of bone trabeculae in the secondary spongiosa ( Fig. 1B2) ( Table 3 ). There were many fat droplets present among the bone trabeculae in the secondary spongiosa (Fig. 1B) . The foci of new woven bone formation also decreased in the secondary spongiosa.
After one-week withdrawal of DEX, the rats showed an increase of thickness in growth plate, a significant thickening of primary spongiosa but a decrease in cortical thickness, whereas the area ratio of bone trabeculae returned to normal level as compared to rats treated with saline for 3 weeks (Table 3) . GH treatment (0.1 or 0.3 U/day) for 1 week ameliorated these aforementioned parameters significantly except for the area ratio of trabeculae in secondary spongiosa as compared to rats treated with saline for 3 weeks. However, GH treatment showed no further benefit in histo- morphometric parameters as compared with those rats treated with saline after withdrawal of DEX (Table 3) (Fig. 1C1-1D2 ).
Bone turnover marker assay
DEX treatment for 2 weeks significantly reduced serum osteocalcin levels (26.0 ± 7.6 vs 54.5 ± 13.9, p < 0.005), whereas the serum ICTP levels were not different (Table 4) . Treatment of the saline-pretreated rats with saline for one week showed a decrease of both serum osteocalcin and ITCP levels. As compared to the rats treated with saline for 3 weeks, GH (0.1 U/day)-treated rats showed a significant increase in serum osteocalcin and ITCP levels. On the other hand, treatment with GH (0.3 U/day) showed a significant increase in serum ITCP level, but not osteocalcin level (Table 4) . No enhanced effects of GH treatment on the improvement of biochemical bone markers were detected as compared with the rats treated with saline after DEX withdrawal.
DISCUSSION
In this study, young female Wistar rats re- ceiving intraperitoneal injection with DEX showed a slow body weight gain, shorter femur length, lighter femur weight, accompanied by a severe osteopenia proven by histomorphometry, BMD and serum osteocalcin assessments. The histomorphometric measurements were improved soon at 1 week after DEX withdrawal, although some parameters remained subnormal. However, the short-term administration of GH immediately (one week) after withdrawal of DEX did not effectively enhance the catch-up process. Cushing's syndrome and a long-term administration of GCs induce a marked osteoporosis (Adler and Rosen 1994; Canalis 1996; Reid 1997) . The possible mechanisms of GIO include increased bone resorption and reduced bone formation, such as thinning or perforation of trabeculae accompanied by markedly reduced trabecular volume (Aaron et al. 1989; Adler and Rosen 1994; Canalis 1996; Chappard et al. 1996; Reid 1997) . Our histomorphologic studies confirmed the detrimental effects of DEX administration for 2 weeks, including decreased growth plate thickness by 35%, increased primary spongiosa thickness by 52%, and reduced area ratio of bone trabeculae in the secondary spongiosa by 19%, as well as accumulation of many lipid droplets among the slender bone trabeculae in the tibial metaphysis. These conditions were confirmed by the marked decrease of BMD in the tibiae.
The suppressed serum osteocalcin level after the administration of corticosteroid was dose-dependent and reversible after withdrawal (Peretz et al. 1989 ). This study showed that treatment with DEX lowered the serum osteocalcin levels whereas the serum ICTP concentrations were not different from the control. It implied that the DEXinduced osteopenia and growth impairment may be related to a suppression of the osteoblasts. Therefore the withdrawal of DEX eliminated its inhibition on osteoblasts rather than its accelerated effect on bone resorption. Thus the catch-up growth in the early phase of withdrawal may show different patterns. The definite mechanism of catch-up growth after DEX withdrawal needs further investigation.
We showed that GCs inhibited the growth plate most markedly in the rapidly growing rats. Bozzola et al. (1991) demonstrated that shortterm high-dose prednisone treatment markedly suppressed GH and insulin-like growth factor levels that did not increase after withdrawal. It may partially explain the smaller femur length gain after DEX withdrawal. In addition, Leong et al. (1996) showed that GCs-induced osteopenia might not completely recover in an identical adolescent twin study. It implied an irreversible effect in the bone growth stage, i.e., the stage of rapid bone mass accumulation. Our results are relevant to the adolescents because the rats (12 week-old) in this study were in their rapid growing stage since rats continue to grow until age of 6 months. Although we have shown indeed a catch-up growth after withdrawal of DEX in present study, the recovery of bone growth after the withdrawal of DEX remained subnormal. Thus, decreasing exposure to GCs in the adolescent stage is very important to prevent the GCsinduced osteopenia.
The GCs-induced osteopenia has been proven related to the suppressed secretion of GH (Bozzola et al. 1991; Miell et al. 1991) . Our previous study showed that the hypothalamus-pituitary-adrenal axis of DEX-treated rats recovered in about 2 weeks after withdrawal (Huang 1994) . GH treatment on the GCs-induced osteopenia may increase bone formation and bone mass or density, with a wide range of therapeutic dose (0.1 U/day to 0.5 U/day or more) and duration (1 week to 3 months) Eriksen et al. 1993; Slootweg 1993; Vandeweghe et al. 1993; Inzucchi and Robbins 1994; Ørtoft et al. 1999) . Several studies have shown that GH improved the body composition, bone metabolism, and linear growth in the GCs-dependent children (Mauras 2001 (Mauras , 2002 . Therefore GH has been expected to prevent, treat, or even facilitate the recovery of the GCs-induced osteopenia. These protective effects shown in the previous studies about combined GH therapy with GCs treatment might be due to a competition between GH and GCs, which were different from our GCs withdrawal status. In the present study, there was an enhanced bone turnover and increased bone density after DEXwithdrawal. However, there was no enhanced effect of GH therapy on the catch-up of femur weight, length as well as body weight.
The contradictory results of a significantly elevated serum osteocalcin level accompanied by a shorter femur length were observed in the rats treated with GH (0.1 U/day, but not 0.3 U/day) after withdrawal of DEX. It may imply that there was a different recovery response to GH therapy during the withdrawal, either a slower initial response followed by a faster later response, or vice versa. GH may show a different sequential effect on the growth plate and osteoblasts. A higher serum osteocalcin level after early additional GH treatment may indicate an earlier starting to catch up the bone formation, rather than facilitating the femur length gain. The slow gain of femur length in the GH (0.1 U/day)-treated rats may also be related to the initial smaller size as well as a slower body weight gain, i.e., a slow growth catch-up after withdrawal. Additionally, the catch-up phenomenon occurred soon after DEX withdrawal, it is possible that additional GH treatment did not enhance the optimal catch-up status of rats. Further studies are needed to elucidate the definite mechanisms.
CONCLUSION
This study showed a suppressed bone formation and significant osteopenia in the DEX-treated rats. The condition recovered soon but incompletely in the early stage of DEX withdrawal. A short-term additional GH therapy cannot enhance the recovery in immediate withdrawal stage. Thus, lowering exposure to GCs is important in the prevention and treatment of GCs-induced osteoporosis. Further studies are underway to assess the effects of long-term GH administration on GCs-induced osteoporosis.
